T H E R O L E of the resistive component of outflow impedance in relation to cardiac performance has been poorly understood. Most studies evaluating the cardiac response to changes in outflow resistance have, in reality, dealt with adaptation associated with changes in initial myocardial fiber length. Direct correlations between the resistance and the performance of the heart have been limited by the difficulty of keeping the dimensions of the beating heart constant. Yet evidence, 1 " 10 mostly indirect, has accumulated which strongly suggests t h a t resistance affects myocardial contractility independently of the initial length of the myocardial fibers.
I n the present study, modified heart-lung preparations were used in which the different manifestations of cardiac performance could be appraised in each beat. B y altering the outflow resistance abruptly d u r i n g a ventricular diastole, the cardiac response could be evalu a t e d d u r i n g the next beat before a n y change in initial length or initial tension of the vent r i c u l a r myocardial fibers could supervene. I n this way, a correlation between the outflow resistance and the instantaneous cardiac response becomes possible.
Methods
Fourteen experiments were successfully performed on mongTel dogs, weighing from 9.1 to 27.2 Kg. Sodium pentobarbital, 30 mg./Kg., was administered intravenously, and intermittent posi-From the Research Department, St. Vincent Charity Hospital, Cleveland, Ohio.
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Presented at the April, 1961 Federation Meetings. Received for publication June 2, 1961. tive-pressure breathing was instituted. A small incision was made in the fourth right intercostal space. The azygos vein was tied, and loose ligatures were placed around the inferior and superior venae cavae. A large incision was then made in the fourth left intercostal space. The arch of the aorta was dissected free from the pulmonary artery and the posterior thoracic wall to the level of the first intercostal artery. A heavy ligature was looped around the aorta between the brachiocephalic and left subclavian arteries. Heparin,* 3.4 mg./Kg., was administered intravenously to prevent blood coagulation. A pulmonary lobular vein was dissected free, and a catheter passed into the left atrium for pressure recording. The superior vena cava was cannulated next, to allow the return of the blood into the heart after passage through the external circuit shown in figure 1. This system was filled with donor blood at the beginning of each experiment. The dog was then bled rapidly via a peripheral artery until the mean systemic pressure dropped to 40 or 50 mm. Hg, after which the aorta was ligated close to the origin of the first intercostal artery. A glass cannula (1.0 cm. in diameter) was inserted into the aorta and advanced toward the ventricle until its tip passed beyond the origin of the left subclavian artery. Here, it was fixed by tying the ligature looped around the aorta. Thus, most of the ascending aorta was retained between the left ventricle and the aortic cannula.
In preliminary experiments, attempts to exclude most of the ascending aorta from the system by advancing the cannula closer to the aortic valves frequently interfered with the proper functioning of the valves. The brachiocephalic artery and the inferior vena cava were then ligated. Blood ejected from the left ventricle passed through the aortic cannula into the external system, to the right side of the heart, then through the lungs and back to the left side of the heart. The pericardium was left intact.
Variations in outflow resistance were effected by permitting flow through one or both of a pair ; this constituted a relatively low resistance, which was designated as "control." When the valve was closed, the blood could pass through tube R only, in which a screw-clamp had been set previously to any desired degree of resistance. A heat-exchange unit (HEU) was included in the venous return line to maintain the blood temperature at about 37 C, as sensed by a thermistor inserted into the aortic cannula.
Aortic pressure was recorded through a 16gauge hematoerit needle, which extended through the aortic cannula so that its tip projected just beyond the cannula lip and faced upstream, as shown in figure 1 . Phasic arterial pressure was detected by means of a P23GB strain gauge. The frequency response of this pressure recording system was flat to at least 25 cycles/sec. Phasic aortic flow was measured by means of a squarewave electromagnetic flowmeter 11 with a known frequency response 12 Two four-channel direct-writing Sanborn recorders (Model 150) were driven at equivalent paper speeds. One timer operated the event markers on both machines. As shown schematically in figure 1, recordings were made of aortic pressure, aortic flow, left ventricular power, left stroke volume, left stroke work, left atrial pressure, electrocardiogram (usually lead II), and of a marker that signaled the moment of closing or opening of the solenoid valve in the external system. Voltages proportional to phasic aortic pressure and flow were multiplied by means of a Philbrick K5-M multiplier-divider to give ventricular power. Also, phasic flow and power curves were integrated electronically to give stroke volume and stroke work, respectively. Periodic calibrations of the various components of the recording and computing system were consistent. The upstroke of the QRS complex of the electrocardiogram was used as a trigger to reset the integrators at the very beginning of ventricular systole, so that the amplitude of each excursion was proportional to the stroke volume and stroke work for each beat. 
Figure 2
Tracings from a typical experiment in toliich the heart was subjected to a moderate (Mod. Res.) and a severe (Sev. Res.) increase in outflow resistance from similar control conditions. Arrows indicate the precise phase of cardiac cycle at which resistance was suddenly increased.
In each experiment, the effects of various degrees of suddenly increased outflow resistance •were studied under varying atrial pressures and arterial elasticities. Atrial pressure was altered by increasing or decreasing the blood volume of the preparation. Arterial elasticity was varied by nltering the volume of air ("air bubble" in fig. 1) in a vertically oriented syringe barrel.
Results
In figure 2 are reproduced tracings from an experiment in which the heart was subjected to two levels of increased outflow resistance under virtually identical control conditions. The tracings displayed to the left of the dividing line show the immediate effects of a moderate increase in resistance suddenly imposed during diastole. The tracings to the right show the immediate effects of a more severe increase in resistance, also suddenly imposed during diastole, after first reverting to similar control conditions. The arrows indicate the precise phase of the cardiac cycle at which outflow resistance was increased. The aortic pressure in the beat immediately after the increased resistance was significantly raised in both instances. The response was more pronounced where the increase in resistance was greater. In the latter, the immediate increase in peak systolic pressure was 25.0 mg. Hg over the control, as compared to 8.0 mg. Hg with moderately increased resistance.
The phasic aortic flows were almost identical during the control periods before imposition of the two degrees of increased outflow resistance. There was significant flow during diastole because of the inclusion of most of the ascending aorta proximal to the aortic cannula. When the more moderate increase in resistance was applied, the peak aortic flow was reduced by approximately 25 per cent. When the auginentation of outflow resistance was more severe, however, peak aortic flow was diminished by approximately 70 per cent. Similarly, when outflow resistance was increased, there was an immediate drop in left ventricular power, stroke work, and stroke volume. The magnitudes of the reductions were greater with the more severe increase in outflow resistance. With the resistance moderately increased, there was only a very slight drop in stroke work (less than 10 per cent of the control) ; when the outflow resistance was more severe, stroke work decreased to less than 50 per cent of the control.
The rise in peak pressure in the beat immediately after the increase in outflow resistance ("immediate pressure response") was observed in all experiments, and the degree of this pressure response varied directly with the severity of the imposed resistance. This is demonstrated in figure 3 , which portrays the relationship of outflow resistance to the immediate pressure response in seven individual experiments. The elevations of the peak systolic pressure for a moderate increase of resistance are shown in the left half of the figure. After the resistance M-as returned to Circulation Research, Volume IX, November 1061 the control value, and the other measured variables had reverted to control levels, the left ventricle was subjected to a more severe augmentation of outflow resistance. The pressure responses under this condition are displayed in the right half of the figure. It is evident that, in each instance, a greater increase of the outflow resistance elicited a greater degree of pressure rise (P < 0.01).* On the other hand, the stroke volume varied inversely with the outflow resistance, i.e., the more severe the resistance, the greater the decrease in the stroke volume. The relationship between outflow resistance and stroke work was variable. As a rule, when the increase in outflow resistance was slight to moderate, stroke work decreased only slightly. In two experiments, there was no measurable change from the control values, and in one there was actually an increase. With greater increases in outflow resistance, however, the stroke work varied inversely.
The magnitude of the changes in the phasic aortic flow and ventricular power also varied with the degree of augmentation of outflow resistance. The extent of these effects, however, was largely dependent upon the "elasticity" of the system, i.e., the volume of the "air bubble" in figure 1. The results of an experiment in which elasticity was varied are shown in figure 4 . To the left of the dividing line are shown tracings obtained under "rigid" conditions, in which all the air in the chamber was displaced by blood. The right side exhibits tracings obtained under "elastic" conditions, in which the volume of the "air bubble" approximated 20 cc. The two sets of arrows indicate the precise points at which sudden equal increases in outflow resistance were imposed. It may be noted that the main differences between the two sets of results are found in the aortic flow and ventricular power curves. With the rigid system, a sudden increase in the outflow resistance was followed immediately by a greater drop in the peak aortic flow and ventricular power than with the elastic system. The configura- 
Figure 3
The immediate increment in peak aortic systolic pressure (pressure response) in mm. Hg above the control value, in seven individual experiments in which the heart was subjected to tioo levels of increased outflow resistance during a diastolic interval, under identical control conditions. tion of the flow and power curves also differed under those conditions. With the greater compliance, there was a faster rate of acceleration and deceleration of the flow during systole, as evidenced by a steeper ascent and descent of the curve. Also, there was a prominent second period of acceleration and deceleration during diastole, and this was negligible in the rigid system.
The control left atrial pressure was varied by changing the circulating blood volume. Figure 5 shows the effects of varying the control atrial pressure upon the magnitude of the "pressure response" (increment in peak systolic aortic pressure over control, in mm. Kg) to increased resistance in seven individual experiments. At the lesser circulating blood volumes, control atrial pressures were Figure 4 Tracings from a typical experiment in which the heart was made to pump into a more rigid and a more elastic external system. The heart was subjected to the same degree of increased outflow resistance under each condition at the points in time indicated by the two sets of arrows.
10.5 ± 4.0 (S.D.) mm. Hg, and control peak systolic aortic pressures were 87 ± 19 mm. Hg. During the first beat after the increase in outflow resistance, the peak systolic pressure increased 3.0 to 21.8 mm. Hg above control. The outflow resistance was then brought back to the control level, and the blood volume was increased. Left atrial pressure rose to 20.0 ± 5.7 mm. Hg, and there was a concomitant elevation of peak systolic aortic pressure to 138 ± 37 mm. Hg. Outflow resistance was then increased during diastole by exactly the same amount as at the lower atrial pressures. The "pressure response" varied from 6.3 to 45.0 mm. Hg above the new control level. In each case, the pressure response exceeded that obtained at the lower control atrial pressure Discussion At the outset, certain qualifying statements should be made about the methodology. First, by directing the aortic pressure probe to face upstream, both potential-and kinetic-energy components were detected by the strain gauge. Second, by integrating the phasic ventricular power curve, a more precise stroke work value was obtained than by multiplying mean pressure and mean flow. It should be pointed out, however, that the recorded stroke volume did not include coronary flow. Since the latter varies directly with aortic pressure, actual values for stroke volume and stroke work during the phase of increased resistance would have been affected to a greater extent than at lower resistances. And third, the use of an electrically operated solenoid valve to alter the outflow resistance ensured an abrupt change in the latter at any moment of the cardiac cycle. Thus, when a sudden increase in the outflow resistance was imposed during the diastolic interval between two heart beats, the initial mechanical, physiological, and chemical states of the myocardium during those two beats must have been virtually identical. The only variable was the increase in the afterload, which was instituted at a time during which the aortic valves were closed. Thus, any change in the cardiac performance in the second beat may be attributed, directly or indirectly, only to the increased resistance itself.
The results of this study show clearly that increasing the outflow resistance immediately effects a rise in the aortic peak systolic pressure, the magnitude of which varies directly with the severity of the imposed resistance ( figs. 2 and 3 ). This is manifest in the very next beat and is, therefore, independent of any alteration of initial length. On the basis of Laplace's law relating pressure, tension, and radius, this pressure rise must be interpreted as being due to increased myocardial tension, or force of contraction. Since stroke volume is reduced when resistance is increased, the radius of the ventricle decreases during systole to a lesser extent than at the lower, control resistance. The combination of greater Circulation Research, Volume IX. November 1961 systolic radius and observed increase in peak systolic pressure produced by augmented resistance indicates clearly that the ventricular fibers must develop a considerably greater tension. Interconversion of kinetic and potential energies cannot be implicated, because the sum of these components was being detected during both the control and the high resistance phases of each experiment. Furthermore, recent studies 13 ' 14 relating myocardial tension development to oxygen consumption indicate that this increment in peak systolic pressure is probably associated with increased liberation of energy.
Similar observations of an immediate pressure response by the right ventricle to an increase in its outflow resistance without changes in initial tension had been reported by "Wiggers 15 in 1914, Katz, Ralli, and Cheer 2 in 1928, Fineberg and Wiggers 4 in 1936, and by Taquini, Fermoso, and Aramendia 9 in 1960. These investigators, however, did not correlate this finding with other facets of cardiac performance. Nevertheless, Wiggers 1 claimed that a greater afterload per se has some influence on the contraction process. Similarly, Katz 0 has stressed that "the resistance against which the ventricle ejects its blood affects the manner of its beat independently of the enddiastolic volume effect."
From the present data, it is found that, concomitant with the immediate pressure response to an increase in outflow resistance, there is a decrease in the stroke volume that varies in degree with the magnitude of the increased resistance. These findings concur with those observed in skeletal muscle by Fenn, 10 who found a progressive decrease in shortening of the muscle with increasing afterloads. When external work was computed and related to the magnitude of the afterload, it was observed that work progressively increased to a maximum, after which greater afterloads resulted in diminishing values of work. A similar relationship was recently observed for cardiac muscle by Rosenblueth. 7 From the results of the present study, the inverse relationship of the stroke work values to severe increases in the outflow resistance may corre-
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Figure 5
The immediate effect of the level of left atrial pressure upon the pressure response (increment in peak aortic systolic pressure, in mm. Hg above control) after a given augmentation of outflow resistance in seven individual experiments.
spond to points along the descending limb of such a curve. The control stroke work values probably correspond to points near the maximum of this curve. Thus, it becomes comprehensible why moderate variations in the outflow resistance have minimal effects upon stroke work.
As the compliance of the external circuit was diminished by removing air from the chamber, the response of the heart to increased resistance was modified. As figure 4 shows, when the left ventricle began to contract under similar initial conditions and was subjected to the identical increase in outflow resistance, the ventricle pumping into a more rigid system was much less able to produce as high maximum rates of flow or develop as much peak power as the same ventricle pumping into a more compliant circuit. Since the ventricle does deliver pulsatile rather than steady flow, all components of impedance must be considered. A recent study by Monroe and French 14 showed that permitting the heart to pump into different degrees of compliance actually subjects 1 it to different degrees of loading. The resultant peak systolic pressures and stroke volumes varied with the degree of compliance.
From the present study, it may be concluded that the outflow resistance per se affects myocardial performance. However, the initial length of the myocardial fibers may modify the magnitude of the response to increased resistance. As figure 5 demonstrates, at higher control levels of the left atrial pressure, the immediate response to a given increase of resistance is consistently greater than at lower control atrial pressures. The limits of ventricular performance, therefore, are probably set by the initial conditions, such as length and tension of the myocardial fibers, temperature, previous activity, and nervous and humoral factors. Within these limits, the force of myocardial contraction and the amount of shortening, as well as the external useful work, vary with the afterload. As Rosenblueth and his collaborators 7 -17 have shown, the degree of shortening and the tension developed by isolated cardiac muscle as well as by skeletal muscle are determined in part by the extent to which any given contraction resembles an isometric or an isotonie contraction. This has recently been confirmed by Monroe and French 14 in another type of isolated heart preparation. As the impedance to outflow is progressively increased, the type of contraetion shifts from more nearly isotonie to one that is more nearly isometric. Just as increasing the afterload results in greater tension development and decreased shortening in the isolated cardiac muscle preparation, 7 increasing the outflow resistance elicited an augmentation of peak systolic pressure and a reduction of stroke volume in the present study. The increased tension development associated with diminished shortening is probably related in part to the internal viscosity of the myocardial fibers. However, the precise mechanisms remain to be elucidated.
Summary
In the modified heart-lung preparation of the dog, sudden increases in outflow resistance were imposed during the diastolic interval between two beats. The changes in cardiac performance which were recorded during the first beat at higher resistance represent the response to augmented resistance per se, since there was no change in the initial length or initial tension of the ventricular myocardial fibers. Increased resistance elicited an immediate elevation of the peak aortic S3'Stolic pressure. This pressure rise was a direct function of the magnitude of the outflow resistance, and the effect was enhanced at higher left atrial pressures. Peak aortic flow and stroke volume were inversely related to the magnitude of the outflow resistance. At slight to moderate increases of resistance, stroke work was relatively unaffected; with more severe augmentations of resistance, however, stroke work varied inversely with outflow resistance. Arterial compliance played an important role in the ventricular response. For any given increase of resistance, the reductions of peak aortic flow and ventricular power were more severe when the arterial system was more rigid.
It is concluded that the limits of cardiac performance are determined by the initial conditions, such as fiber length or tension, previous activity, temperature, and nervous and humoral factors. Within these limits, however, ventricular performance is determined by the afterload, of which the outflow impedance is an integral component.
